Background: There is an urgent need to provide access to cleaner end user energy technologies for the nearly 40% of the world's population who currently depend on rudimentary cooking and heating systems. Advanced cookstoves (CS) are designed to cut emissions and solid-fuel consumption, thus reducing adverse human health and environmental impacts. Study premise: We hypothesized that, compared to a traditional (Tier 0) three-stone (3-S) fire, acute inhalation of solid-fuel emissions from advanced natural-draft (ND; Tier 2) or forced-draft (FD; Tier 3) stoves would reduce exposure biomarkers and lessen pulmonary and innate immune system health effects in exposed mice. Results: Across two simulated cooking cycles (duration~3 h), emitted particulate mass concentrations were reduced 80% and 62% by FD and ND stoves, respectively, compared to the 3-S fire; with corresponding decreases in particles visible within murine alveolar macrophages. Emitted carbon monoxide was reduced~90% and6 0%, respectively. Only 3-S-fire-exposed mice had increased carboxyhemoglobin levels. Emitted volatile organic compounds were FD ≪ 3-S-fire ≤ ND stove; increased expression of genes involved in xenobiotic metabolism (COX-2, NQO1, CYP1a1) was detected only in ND-and 3-S-fire-exposed mice. Diminished macrophage phagocytosis was observed in the ND group. Lung glutathione was significantly depleted across all CS groups, however the FD group had the most severe, ongoing oxidative stress. Conclusions: These results are consistent with reports associating exposure to solid fuel stove emissions with modulation of the innate immune system and increased susceptibility to infection. Lower respiratory infections continue to be a leading cause of death in low-income economies. Notably, 3-S-fire-exposed mice were the only group to develop acute lung injury, possibly because they inhaled the highest concentrations of hazardous air toxicants (e.g., 1,3-butadiene, toluene, benzene, acrolein) in association with the greatest number of particles, and particles with the highest % organic carbon. However, no Tier 0-3 ranked CS group was without some untoward health effect indicating that access to still cleaner, ideally renewable, energy technologies for cooking and heating is warranted.
Introduction
Air pollution is a global public health problem to which emissions from rudimentary cooking devices contribute significantly. Current appraisals predict that nearly 40% of the world's population use solidfuels such as wood, coal, charcoal, crop residues, animal dung, and other types of biomass burning for cooking, lighting, and heating (Anenberg et al., 2013) . Burning of solid-fuels in simple inefficient stoves generates harmful emissions that contribute to poor indoor air quality and have detrimental impacts on human health (McCracken et al., 2012; Gordon et al., 2014) . On a global basis, exposure to household air pollutants, including cooking-related emissions, have been linked to increases in morbidity and mortality causing an estimated 3.5 + million deaths annually (Lim et al., 2012; Lacey et al., irritation, headache, cough, acute lower respiratory infection and severe pneumonia in children (Smith et al., 2011; Gordon et al., 2014) . Longer term exposure is associated with stillbirths (Lakshmi et al., 2013) , low birth weight, and preterm births (Malley et al., 2017) ; as well as increased prevalence of several chronic diseases including chronic obstructive pulmonary disease (COPD), diabetes, hypertension, cardiovascular disease, stroke, lung cancer and other types of neoplasia (IARC, 2010; McCracken et al., 2012; Martin et al., 2014; Gordon et al., 2014; Assad et al., 2015) . These health effects are primarily observed in individuals exposed most directly to cookstove (CS) emissions for the longest durations, namely women cooking indoors and their children (Rumchev et al., 2007; Clark et al., 2009) . Furthermore, these same emissions contribute to increases in atmospheric black and brown carbon and to greenhouse gases that are predicted to have adverse effects on regional and global climate patterns (Smith, 1994; Anenberg et al., 2013; Laskin et al., 2015) . Taking all of these factors together, there is a great need for effective interventions to mitigate the undesirable consequences associated with the use of rudimentary cooking devices. Serious efforts have been made to lessen the negative impacts of cooking-related biomass burning. One approach has been to develop advanced, more fuel-efficient, hence "cleaner cookstoves" (Kshirsagar and Kalamkar, 2014; Johnson and Chiang, 2015) . Advanced CS are intended to reduce emissions and minimize solid-fuel consumption, with the expectation to diminish adverse human health and environmental impacts (e.g., deforestation). Technological advancements for solid-fuel stoves are based chiefly on manipulating, enhancing, or redirecting air flow to maintain optimal oxygen for efficient fuel combustion throughout the cooking cycle (Kshirsagar and Kalamkar, 2014) . We have previously developed and used standardized testing to compare fuel efficiencies of CS with differing designs (Jetter and Kariher, 2009) . Under laboratory testing conditions (i.e., a 60-min water boiling test), a rudimentary three-stone (3-S) fire emits high levels of carbon monoxide (CO) and particulate matter (PM) and is therefore rated as a Tier 0 cooking system. Advanced CS emit lower CO and PM concentrations, albeit with varying degrees of success, and thus receive Tier 1 to Tier 4 rankings (see Table S1 for metrics used for CS Tiers) (ISO 2011; Jetter et al., 2012; Still et al., 2015) .
In addition to CO and PM, solid-fuel combustion generates complex mixtures of volatile and semi-volatile organic compounds (VOCs/ SVOCs), and particles with adsorbed SVOCs -the proportions of which relate to the degree of incomplete combustion occurring (Traboulsi et al., 2017) . VOCs/SVOCs emitted during relatively incomplete biomass burning include alkanes, alkenes, cyclic hydrocarbons, carbonyls, and assorted polyaromatic hydrocarbon (PAH) species (Brown et al., 1994; Lemieux et al., 2004; Jordan and Seen, 2005; IARC, 2010; Mutlu et al., 2016) . On an individual basis, many of these compounds have been studied extensively and are known to be associated with effects such as acute cardiorespiratory irritation, lung and systemic oxidative stress, and cancer (Lemieux et al., 2004; Bates et al., 2015; IARC, 2016; Ye et al., 2017) .
A limited number of field and epidemiological studies on health improvements derived from implementing advanced CS usage in homes are beginning to appear in the literature (Li et al., 2016) . However, to date, perceived benefits for reducing acute respiratory conditions (e.g., childhood pneumonia) have been inconsistent (Smith et al., 2011; Bruce et al., 2013; Cundale et al., 2017; Mortimer et al., 2017) . Equivocal findings appear to relate, in part, to real-world factors such as the poor quality of available solid-fuel, non-ideal operation of advanced CS (Wathore et al., 2017) , inconsistent "adoption" of advanced CS despite availability, and stove stacking (i.e., continued use of rudimentary cooking systems along with advanced CS) (Ruiz-Mercado et al., 2013) . Although results of field and epidemiologic investigations are highly important, they often lend little information to understanding the mechanistic outcomes of exposure to CS emissions.
Studies directly assessing health improvements derived from use of advanced CS in a controlled laboratory environment are lacking. Thus, to generate health effects data on CS emissions, we recently determined the mutagenicity emission factors (revertants/megajoul delivered , rev/ MJ d ) of particles emitted during simulated cooking using a three-stone (3-S) fire (Tier 0), a natural-draft (ND, Tier 2), and a forced-draft (FD, Tier 3) stove burning dry red oak (Mutlu et al., 2016) . Using organic extracts of emitted PM in the Salmonella mutagenicity assay, we found that the mutagenicity emission factor (rev/MJ d ) was reduced by 72.5% and 97.0% by the ND and FD stoves, respectively, compared to the 3-S fire. However, even this reduction resulted in the FD stove having a mutagenicity emission factor (expressed as rev/MJ thermal ) that was nonetheless on parity with that of diesel exhaust, a Group 1 (known) human carcinogen (IARC, 2014) . The present study was designed to further assess differential exposure and acute respiratory system effects of inhaled CS emissions. We exposed healthy female outbred (CD-1) mice to emissions from the same stoves and wood used by Mutlu et al. (2016) . We compared the results to those of mice inhaling filtered air. Assessments included: (1) characterization of CS emissions, (2) biomarkers of exposure, and (3) health effects related to altered behavior, pulmonary function, innate immunity, and development of lung injury, inflammation, oxidative stress, or upregulation of adaptive genes. We hypothesized that acute inhalation of solid-fuel emissions generated by FD and ND stove technologies would result in lower levels of exposure biomarkers and less pulmonary or systemic health effects compared to that of the 3-S fire. Our approach was also intended to provide mechanistic information as to which of the key components present in solid-fuel emissions elicited or were associated with the above health outcomes.
Materials and methods

Experimental animals
Young adult (8-wk-old) female CD-1 mice (18-21 g) were used to as surrogates of the women using indoor stoves. Mice were purchased from Charles River Laboratories (Raleigh, NC), and housed in groups of four in polycarbonate cages in an AAALAC-accredited, barrier-isolated, animal research facility (21 ± 1°C, 50 ± 5% relative humidity, and 12:12-h light/dark cycle). Standard mouse chow (Prolab RMH 3000; LabDiet, St. Louis, MO) and water were provided ad libitum. All experimental procedures requiring laboratory animals were pre-approved and performed in accordance with the U.S. EPA NHEERL Institutional Animal Care and Use Committee recommendations.
Generation of cookstove emissions and exposure protocols
Based on the water boiling test protocol, dried red oak (≤ 6% moisture content on a wet basis) was used as the solid-fuel, and emissions were generated from a FD stove (Philips HD4012), a ND stove (Envirofit G-3000), and a traditional 3-S fire (as described by Jetter et al. (2012) , http://cleancookstoves.org/technology-and-fuels/testing/ protocols.html).
Then, to better link differences in the performance of stoves operated under controlled conditions to health outcomes, mice were exposed only to emissions generated during the cold start-up and highpower phase (in which 5 l of water was heated from~20°C to the boiling temperature) followed by a 45-min low-power phase (in which the water temperature was maintained at~3°C below the boiling temperature). The high-and low-power phases simulated a cooking event. Cookstoves were operated as intended by manufacturers with typical fuel and cooking pots, but emissions from actual use in the field may vary due to different operation and use of alternative fuels or cooking vessels. The fire was extinguished after each simulated cooking event, so mice were not exposed to emissions from smoldering wood, although human exposure to smoldering emissions may occur in actual use. After the first simulated cooking event, there was a 15-min recovery period (with no exposure to emissions), followed by a second identical event. Altogether, mice were exposed for approximately~3 h including the start-up and high-power time required for the FD, ND, and 3-S fire (22, 34, and 37 min, respectively) included in two consecutive~90-min simulated cooking cycles (Fig. 1A) .
Separate (sham and exposed) whole-body inhalation exposures were performed by placing each mouse into a rat-sized nose-only exposure tube that was then inserted onto one of the two 64-port noseonly exposure chambers (NOEC) (Lab Products, Inc., Seaford, DE). The airflow rate per exposure port was~1.5 L/minute to provide adequate mixing in the NOEC tube for each mouse. The primary emission stream was diluted 1:10 using a hood air flow rate of 150 cfm prior to diversion to the NOEC. The NOEC pulled the diluted emission atmosphere by use of an eductor that further diluted the emissions by 50% or 2:1. Because excessive CO concentrations could elicit varying degrees of asphyxiation (Quinn et al., 2009 ) thus limiting respiratory uptake or lung deposition of other toxicants (e.g., PM, VOCs, SVOCs), the intent was to prevent inhalation of CO ≥ 100 ppm because this has been shown to cause reduced physical activity, weight loss, and increased pulmonary barrier permeability in mice (Wilson et al., 2010) . Each week, one solidfuel stove type was evaluated using the same dilution system and final 1:20 dilution from the primary emission stack. For each stove type, two exposure replicates were performed each week in order to provide sufficient animals (n = 8/group) for assessing a wide variety of health endpoints immediately after exposure (0 h), and at 4 and 24 h postexposure (PE). Each replicate included both air (sham) and CS emission-exposed mice.
Emissions characterization
All exposure atmospheres were sampled directly from exposure ports on the NOEC. For each stove-week, continuous (real-time) gas and aerosol sampling for CO, nitrogen oxides (NOx), sulfur oxides (SOx), and oxygen (O 2 ) were conducted during the inhalation exposures. A scanning mobility particle sizer (SMPS) (model 3080, TSI, Inc., Shoreview, MN) was used to determine semicontinuous size distributions and particle number concentrations. Particle mass concentrations (i.e., total filter PM mass/mean air flow rates) were also determined. Using a modified NIOSH 5040 method, thermal-optical analysis (TOA) was performed to determine the organic carbon (OC), elemental carbon (EC), and total carbon (TC) content in PM collected on the quartz filter samples as previously described (Hays et al., 2011) . Using U.S. EPA Compendium Method TO-15 (1999) , summa canisters were used to collect select air toxic VOCs in emissions midway through each CS exposure (collection period~20 min) for subsequent off-line analysis by gas chromatography mass spectrometry. Carbonyls were sampled on DNPH cartridges (Sigma-Aldrich, St. Louis, MO) by U.S. EPA Method TO-11A (1999).
Behavioral assessments
All mice were observed individually for neurobehavioral or physiological changes during the last 30 min of exposures, while in their transparent rat exposure tubes. All mice were scored using a checklist that noted appearance (palpebral closure, piloerection, salivation, exophthalmos, altered respiration, facial swelling), behaviors (activities, sitting position, location within the tube), and toxicity (ataxia, tremor, seizure). This represented a snapshot of the behavior, as only one entry was made for each mouse. The observer could not be completely blind as to the treatment since the mice were exposed on different NOEC. Additionally, subsets of mice (n = 8/group) were assessed for motor activity immediately after removal from the exposure tubes. Specifically, at 0 h PE, one subset of mice was individually placed in plastic shoebox cages in an isolated area for 30 min (with a small amount of Beta-Chip bedding). Cages were surrounded by photocells to record fine (repeated breaks of the same photobeam) and ambulatory (breaks of different beams) movements (cage rack system, San Diego Instruments, San Diego, CA). Habituation was tracked with twelve 2.5-min intervals. A separate subset of mice was similarly assessed at 4 and 24 h PE.
Whole body plethysmography
Alterations in ventilation were assessed in conscious, unrestrained mice at approximately the same time of day to minimize diurnal effects on breathing patterns. Assessments were obtained via an eight-chambered mouse whole-body plethysmography (WBP) system using Buxco BioSystem XA software (Buxco Electronics, Wilmington, NC) to estimate tidal volume (V T ), breathing frequency (ƒ), calculated minute volume (V T x ƒ = MV), and enhanced pause (Penh) -an index of airflow limitation and surrogate measure for bronchoconstriction (Hamelmann et al., 1997) . For each stove-week, repeated assessments of the same subset of animals were performed at the following intervals: pre-(the day before), 0 and 4 h PE (the day of), and 24 h PE (the day after exposure). Ventilatory data at these four sampling intervals were collected for 30 min following a 5-min acclimation period for each mouse in its individual WBP chamber.
Blood carboxyhemoglobin
Using the submandibular bleeding technique described by Golde et al. (2005) , whole-blood samples were acquired immediately upon removal of mice from their exposure tubes. Blood collection tubes were sealed and placed on ice to minimize loss of CO and other blood gases until analysis. Carboxyhemoglobin analysis was then performed using an IL-682 CO-Oximeter (Instrumentation Laboratory; Bedford, MA).
Hematopoietic parameters
Mice were euthanized via barbiturate overdose and anticoagulated (citrated) blood samples were collected via trans-diaphragmatic cardiac puncture. Hematological indices including total white blood cell (WBC) counts, total red blood cell (RBC) counts, % hematocrit, platelet counts, and lymphocyte (%) were measured using a Coulter AcT 10 Hematology Analyzer (Beckman Coulter Inc., Miami, FL).
Bronchoalveolar lavage fluid (BALF) collection and assessments
As previously described, immediately following blood collection, the thorax was opened and the trachea was cannulated (Gavett et al., 2015) . The left main stem bronchus was occluded with a vascular clip and the left lung was transected and flash-frozen. The remaining right lung lobes were lavaged and then flash-frozen. BALF was used to assess total cell counts on an automated coulter counter (Z1 Beckman Coulter Life Sciences, Indianapolis, IN). Cytospin preparations (Cytospin-3 centrifuge, Shandon Inc.; Pittsburgh, PA) were used for cell differentials on slides stained with a modified Wright-Giemsa strain (Thermo Fisher Scientific, Waltham, MA) on an automated slide stainer (Hema-Tek 2000, Miles, Inc., Elkhart, IN) . Using one slide set, cell differentials were enumerated based on counting 100-200 cells per slide. On the other set, animal number and exposure information were blinded to the observer. Evaluating four regions per slide, the number of particles visible within 50-100 macrophages were enumerated manually using 20-and 40× magnification on a Nikon Eclipse Ti inverted microscope. Results were expressed as the mean number of particles per macrophage evaluated (i.e., total particles observed/total macrophages assessed). Dark field microscopy images were obtained on a Nikon Eclipse Ti microscope. Following brief centrifugation, BALF supernatants were analyzed for biochemical alterations suggestive of cell activation [e.g., N-acetyl-β-D-glucosaminidase (NAG)], oxidative stress [e.g., gammaglutamyl transpeptidase (GGT)], and lung injury or edema [e.g., increased lactate dehydrogenase (LDH), albumin, and total protein concentrations]. All biochemical determinations were performed using commercially available kits adapted for use on a Konelab 30 Clinical Chemistry Spectrophotometer Analyzer (Thermo Clinical Labsystems, Espoo Finland).
Alveolar macrophage phagocytosis and phenotypic analysis
Evidence of altered innate immunity was based on decreased nonspecific phagocytosis of fluorescent beads by alveolar macrophages as previously described (Burleson et al., 1987) . In brief, 2.0 × 10 5 lung phagocytic cells obtained via lung lavage were incubated with fluorescent polystyrene beads (200 beads/cell; 1 µm beads, Polysciences, Inc.) for 2 h and then cyto-centrifuged onto a glass slide for manual enumeration. The % phagocytosis (percentage of macrophages containing at least one bead) and the Absolute Phagocytic Index (API) (% of macrophages containing at least one bead X the average # of beads per positive cell) were determined for 200 cells/mouse. As a positive control group, each week a separate group of mice (n = 4 per week) were instilled with 2 μg of lipopolysaccharide (LPS; Escherichia coli endotoxin; 011:B4 containing 10 6 units/mg material, Sigma, St. Louis, MO) and similarly assessed at 4 h post-instillation. Additionally, phagocytic cells obtained via lung lavage were examined for semiquantitative detection of intracellular cytokines at the single cell level using flow cytometry (O'Mahony et al., 1998; Schuerwegh et al., 2003) . Access to the intracellular space was achieved by fixing cell membranes with 2% paraformaldehyde. Dead cells and debris were excluded from analysis by using forward scatter and 90°l ight scatter to establish a gate around viable cells. Macrophages were identified using antibodies for CD11b and F4/80 (Zhang et al., 2008) . Antibodies (BD Biosciences) were used to assess differential expression in macrophage intracellular levels of IL-1 β (pro-inflammatory) and IL-10 (anti-inflammatory) cytokines. Cells were analyzed with a LSR II flow cytometer (BD Biosciences) using FACS Diva software (BD Biosciences). Analysis of data was performed using FlowJo software (TreeStar, Inc., Ashland, OR).
Cytokines in bronchoalveolar lavage fluid
Pro-inflammatory cytokines (e.g., IL-1 β , TNF α , IFNγ, KC-GRO, IL-4, IL-5, IL-6, IL-10, and IL-13) were measured in undiluted BALF supernatants collected at 4 h PE with a mesoscale Multi-Spot immunoassay kit for rodents (Meso Scale Diagnostics, Rockville, MD).
Lung glutathione assessments
Levels of reduced glutathione (GSH) and glutathione disulfide (GSSG) were measured in homogenates derived from flash-frozen (nonlavaged) left lung tissue via an adapted HPLC-FLD dansylation method (Jones et al., 1998; Gan et al., 2005) . In brief, a portion of the left lung lobe was homogenized in cold 4% perchloric acid (PCA) containing 0.2 M boric acid and 4 mM diethylenetriaminepentaacetic acid (Sigma, St. Louis, MO) at a constant ratio of 10 μL per 1 mg of lung tissue. After centrifugation (20 min, 4°C, 20,000× g), cell-free supernatants were adjusted to pH 9.0 ± 0.2 and treated with dansyl chloride (Sigma Aldrich; St. Louis MO) to label the reduced and disulfide fractions. Following chloroform clean-up, the dansylated GSH and GSSG products of each sample were fluorescently quantified using an Agilent 1100 series HPLC-FLD (335 nm excitation; 515 nm emission; Agilent Technologies; Santa Clara, CA) and Supelco Discovery C 18 column (Bellefonte, PA) (Komatsu and Obata, 2003) . Standard concentrations (5-500 μM) of GSH and GSSG (Sigma Aldrich; St. Louis MO) were prepared in parallel with each sample preparation. All data were acquired using Chemstation software (Agilent Technologies, Santa Clara, CA).
Gene expression in the lung
Total RNA was isolated from 20 to 30 mg of flash-frozen right lung tissue (post-lavage) using a Qiagen RNeasy RNA extraction kit (Valencia, CA). The purity was estimated using a Nanodrop ND-1000 spectrophotometer (Wilmington, DE). Real-time PCR was performed using TaqMan Gene Expression Assays for the following genes: Cyclooxygenase-2 (Cox-2; Mm00478374_m1), Cytochrome p450 1a1 (CYP1a1; Mm00487218_m1), Glutamate-Cysteine Ligase Catalytic subunit (GCLC; Mm00802655_m1), Hemeoxygenase-1 (HO-1; Mm00516005_m1), Interleukin-6 (IL6; Mm00446190_m1), Macrophage Inflammatory Protein-2 (MIP-2; Mm00436450_m1), NAD(P)H quinone dehydrogenase 1 (NQO1; Mm01253561_m1), and Tumor Necrosis Factor alpha (TNF α ; Mm00443258_m1) (Table S2 ) (Applied Biosystems, Foster City, CA). All target gene expression was normalized to β-actin mRNA expression (TaqMan Gene Expression Assay Mm00607939_s1) for each respective sample. An Applied Biosystems 7900HT Sequence Detection System was used to determine relative gene expression via real-time PCR reactions using TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA). Quantification of all relative gene expression was determined using the ΔΔCT method.
Statistical analysis
First, for data reduction purposes, group differences in filtered airexposed control animals across the three exposure weeks were assessed using one-way analysis of variance (ANOVA) with Holm-Sidak's multiple comparisons test. Separate comparisons were performed for each time (i.e., 0, 4, and 24 h PE). For a given end point, if no significant group (week) differences were observed in air-exposed controls, control animal data for each time period were pooled. If significant group differences were observed in air controls, data were expressed as the % of the group mean for each week and results were then pooled. Data from FD, ND and 3-S fire-exposed mice were then compared to data from pooled air-exposed mice and to each other, for the corresponding time PE, using Holm-Sidak's multiple comparisons test. Where BrownForsythe statistics indicated non-homogeneity of variances, data were reanalyzed by Kruskal-Wallis nonparametric ANOVA with Dunn's multiple comparisons test (GraphPad Prism version 6.07). Group means ± SEM with significance of at least p < 0.05 are indicated in the resultant tables and figures below.
Results
Emissions characterization
Characterization of exposure atmospheres at the exposure ports (i.e., animals breathing zone) revealed somewhat smaller mean particle size distributions, based on volume, for the FD stove compared to the ND stove and 3-S fire (Fig. 1B ). The smaller mean particle size for the FD stove is associated with its higher combustion efficiency. However, the geometric standard deviations for all particle size distributions for all stoves were greater than 2, indicating a bimodal size distribution. This shows that for each CS, one size distribution was above the mean particle size shown in Fig. 1B , and one was below the mean particle size. In comparison to the traditional 3-S fire, considerable reductions were achieved in the PM concentrations emitted by the FD (80%) and ND (62%) stoves (Fig. 1C) . Depicted are the mean ( ± SD) of the two replicates performed for each stove week. The relative amounts of organic carbon (OC) and elemental carbon (EC) in emitted particles are depicted in Fig. 1D . Notably, as stove combustion efficiency decreased, particle OC content increased. Specifically, the % of OC in particles from FD, ND, and 3-S fire emissions was 11%, 26%, and 38%, respectively.
As a marker of stove combustion efficiency, CO measurements were highest in the 3-S fire emissions, averaging nearly 60 ppm; whereas the FD and ND stoves generated lesser concentrations, approximately 4 and 20 ppm, respectively (Fig. 1F) . Average temperature and relative humidity of the exposure tubes were maintained at~22.2°C and~39%, respectively. Concentrations of SOx and NOx species were < 1 ppm (data not shown).
Examination of the chemical speciation from representative samplings of select VOCs clearly demonstrated that the FD stove sample emitted the lowest concentrations of alkanes (e.g., n-hexane), alkenes (e.g., 1,3-butadiene), cyclic hydrocarbons or aromatics (i.e., benzene), and carbonyl species (e.g., acrolein), compared to the ND and 3-S samples ( Fig. 2A-D) . However, there was no consistent trend as to which stove system, ND or 3-S fire, emitted the highest level of select aromatics or carbonyls. For many cyclic hydrocarbons, FD ≪ 3-S fire < ND. With the exception of benzene, propylene, acetaldehyde, and formaldehyde, concentrations of the remaining VOCs were often substantially less than 50 parts per billion (ppb); while the FD stove often yielded values less than 5 ppb.
Health effects and biomarkers of exposure
Behavioral assessments and motor activity
No overt signs of toxicity or poor appearance (e.g., piloerection, labored respiration, ataxia) were observed during any of the CS exposures. There were no significant differences in behaviors for the FD and 3-S fire exposures. With the ND exposure, there were more mice sitting (not active) and more were located in the back of the tube (farthest away from the input source). This may represent lowered activity and avoidance of the exposure; however, due to unforeseen circumstances a different observer participated during this week only. Although there was cross-training and inter-rater reliability evaluations before testing, the control data for this exposure differed from the other two exposures. Thus, these treatment effects could be confounded by the differences in observers. Session totals of ambulatory and fine activity showed no significant differences across the study. With the 3-S fire exposure at time 0 h PE or FD exposure at 4 h PE, there were differences in habituation. In these cases, the treatment-by-interval factors were significant, yet no individual intervals showed differences in the two groups; visual inspection of the data suggested slightly faster habituation, but this effect was marginal (data not shown).
Whole body plethysmography (WBP)
Compared to air-exposed controls, no significant ventilatory alterations were detected in mice exposed to emissions from the FD, ND, or 3-S cooking systems either immediately (0 h PE), or at 4 and 24 h PE (data not shown). One minor difference was observed at 0 h PE; the average tidal volume of ND-exposed group was significantly less (1 0%) than that of FD or 3-S fire-exposed mice. In general, the lack of ventilatory alterations is consistent with the minimal behavioral changes noted above. Results show that as anticipated inhalation of the diluted primary emission stream was not associated with excessive irritation (due to high VOC) nor overt respiratory depression (due to COrelated narcosis); therefore, we conclude that mice adequately inhaled volatile and PM components of the CS emissions during their exposures.
Biomarkers of exposure
Blood carboxyhemoglobin concentration and particulate burden of alveolar macrophages were two endpoints used to verify differential exposure to gaseous and PM components, respectively, of emissions across the CS groups. Because the half-life of CO in humans (3-4 h) is much longer than in mice (15 min) (Motterlini and Otterbein, 2010) , mice were bled immediately upon removal from their exposure tubes. At 0 h PE, blood carboxyhemoglobin levels in 3-S fire-exposed mice were elevated significantly, compared to air-exposed mice or to mice exposed to emissions from the FD or ND stoves (Fig. 3A) . Notably, carboxyhemoglobin levels of the FD-or ND-exposure groups were not significantly different from those of control mice.
Despite exposures ending at 0 h PE, visual quantitative enumeration of particulate material within macrophages revealed that particle burden continued to increase across the 24 h timeframe examined (Fig. 3B) . There was considerable variability in the number of particles visible in phagocytes, even within the same lavage sample. Many PMladen macrophages contained only 0-3 visible particles, whereas some had > 10, and clumping of PM made it difficult to define exact numbers. On average, the number of visible particles per phagocyte in the ND-and 3-S fire-exposed groups were significantly greater than air exposed-controls (Fig. 3B) . Qualitative examination of phagocytized particulates via dark field microscopy at 24 h PE similarly revealed visibly increasing particulate material (white dots) within the cellular boundaries of macrophages from exposed mice (FD ≪ ND < 3-S fire). The edge of the nuclear membranes were visible as elliptical rims of white within the cell (Fig. 3C ).
Complete blood counts
No CS exposure-related hematological effects were apparent at 0 h PE (Table 1) . However, the 0 h hematocrits were reduced 10-15% compared to the latter time points due to prior blood collection for carboxyhemoglobin in this group of mice. At 4 h PE, the % hematocrit of the FD stove exposure group was mildly reduced (10%), whereas the % of lymphocytes in 3-S fire-and FD stove groups were mildly suppressed. Conversely, at 4 h PE, exposure to ND emissions was associated with a significant increase in the number of circulating WBCs. By 24 h PE, no further alterations were apparent. All changes were minor and of indeterminate health significance.
Cellular and biochemical analysis of bronchoalveolar lavage fluid (BALF)
Cytological examination of cells recovered in BALF revealed that essentially all cells were alveolar macrophages. There was no indication that exposure to CS emissions resulted in pulmonary hemorrhage, sloughing of epithelial cells, or in an influx of inflammatory cells (e.g., neutrophils, eosinophils) at any time PE (data not shown). However, at 0 h PE, the total number of cells recovered in BALF from FD-exposed mice was significantly lower than air controls or 3-S fire-exposed mice; while the ND-exposed mice had an intermediate value (Table 2) . Biochemical analysis of BALF of FD-exposed mice at 0 h PE further revealed a significant decrease in the concentration of NAG, a lysosomal enzyme often secreted by alveolar macrophages in response to phagocytosing particles (Mack et al., 1995) . In 3-S fire-exposed mice, both albumin and total protein concentrations were significantly increased in BALF at 0 h PE, consistent with acute lung injury manifesting as minor increases in lung vascular or alveolar epithelial permeability. Negligible exposure effects were observed on BALF concentrations of LDH or GGT, except for the FD-group at 4 h PE. By 24 h PE, no exposure related differences were apparent.
Changes in lung macrophage intracellular cytokine expression and phagocytic function
Alterations in host defense were evaluated by assessing alveolar macrophage intracellular cytokine expression and non-specific Environmental Research 161 (2018) [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] phagocytic functionality at 0, 4 and 24 h PE. Macrophages recovered from 3-S fire-exposed mice showed significant increases in IL-1 β content at 0 h (2.1-fold) and 4 h (2.3-fold) PE, however, data failed to demonstrate diminished phagocytic response (i.e., bead uptake) in this group (Table 3) . By contrast, the ND-exposed mice showed significant reductions in the % of cells phagocytosing fluorescent beads, the calculated API, and concomitant (not statistically significant) trends towards reduced intracellular IL-1 β (≈ 70%) and IL-10 (≈ 25%) at 4 h PE. Likewise, at 4 h PE, macrophages from LPS-treated mice (used as a positive control) had significant reductions in the % phagocytosis, API, and intracellular IL-10 content. Conversely, after LPS treatment, IL-1 β expression was increased significantly (7-fold) ( Table 3 ). Exposure to emissions from the FD stove was without effect on any of these parameters.
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Cytokines in bronchoalveolar lavage fluid
Based on the collective experience of the authors regarding particulate air pollutant investigations (e.g., diesel exhaust, concentrated air particles, wood smoke), the optimal time to detect increases in BALF cytokine levels after an acute exposure is~4 h. Thus in this study, BALF samples obtained at 4 h PE were assayed for several pro-inflammatory mediators. Data revealed that only the 3-S fire-exposed mice showed significant increases in IL-1 β , although the ND group had an intermediate value (Fig. 4A) . Only the FD group showed increased BALF concentrations of TNF α (Fig. 4B ). Exposure to CS emissions was without effect on BALF levels of KC-GRO, IL-4, IL-5, or IL-6 (data not shown). Concentrations of IL-10, IL-13, or IFNγ in BALF were below detection limits of the assay.
Relative change in lung glutathione content
Both reduced glutathione (GSH) and glutathione disulfide (GSSG) were examined in non-lavaged whole-lung homogenates because this glutathione redox pair is a well-established marker to evaluate oxidative stress. At 0 h PE, exposure to emissions from all three CS systems was associated with significant decreases in GSH (expressed as a percentage of air controls) (Table 4) . GSH reductions were persistent at the 4 and 24 h PE evaluations in the FD and 3-S fire groups. Concurrent increases in GSSG were observed only in the FD stove group, both at 0 and 24 h PE (Table 4) . Consistent with these findings, oxidative stress has been repeatedly cited as an outcome of exposure to wood smoke and other biomass emissions (Demling et al., 1994; de Carvalho et al., 2016) .
Lung adaptive gene expression changes
Because oxidative stress is often attributed as an initiating event for the up-regulation of genes related to pulmonary inflammation, antioxidant response, and xenobiotic metabolism, we examined the effects of CE exposure on steady state expression of eight target genes representing these pathways (summarized in Table S2 ). Lung tissue homogenates collected at 0 h PE were used because preliminary analysis of select genes demonstrated maximal expression at this time (data not shown). At 0 h PE, exposure was without effect on lung gene expression of TNFα (a classical pro-inflammatory cytokine and proapoptotic mediator), IL-6 (a pleiotropic cytokine), or MIP-2 (a neutrophil chemoattractant) (Fig. 5) . Findings are consistent with lack of lung inflammatory cell influx in BALF at either 4 or 24 h PE.
Conversely, across all three CS-exposure groups, increases were detected in GCLC, which is the initial rate-limiting enzyme for glutathione synthesis (Fig. 5) . Moreover, increases in the ND group were significantly greater than the FD group. The oxidative capacity of PM from Environmental Research 161 (2018) 35-48 biomass burning is a well-established mechanism by which health effects may be elicited (Eiguren-Fernandez et al., 2010; Bates et al., 2015) . Expression of hemeoxygenase-1 (HO-1), a stress-response protein, was significantly elevated in lungs from the ND and 3-S fire groups, but not in the FD group, as compared to air controls. HO-1 increases have been reported in lung endothelial cells exposed to wood smoke extracts (Liu et al., 2005) . Likewise, significant increases were also detected for cyclooxygenase 2 (COX-2) expression in only the ND stove and 3-S fire-exposed groups. By far the greatest increases were observed in ND stove and 3-S fire-exposed groups for expression of genes linked to xenobiotic metabolism, namely NQO1 (10-fold) and CYP1a1 (50-fold); no such induction was observed in the FD stove group.
Discussion
Current assessments of cleaner cooking technologies have shown reductions in emitted air pollutants (i.e., CO and PM) as well as improved safety during use (Pilishvili et al., 2016; Ochieng et al., 2017; Yip et al., 2017; Pope et al., 2017) , but relatively few studies have been able to demonstrate corresponding health benefits (Martin et al., 2014; Mortimer et al., 2017) . We report for the first time results of a direct comparison of differential exposure and acute respiratory toxicological effects in healthy female mice inhaling solid-fuel emissions across three CS efficiency Tiers: 0, 2 and 3. We show that particles emitted from each stove were well within the respirable range, even for mice. Respirable fine or UF particles are considered especially harmful to human health, and are associated with development of cardiopulmonary diseases such as COPD and atherosclerosis (Traboulsi et al., 2017) .
In comparing the PM and CO exposure concentrations of the present study (i.e., mean concentrations across two cycles of a standard water boiling test lasting~3-h), levels reported for homes using rudimentary cooking devices are highly variable. Some studies describe maximum indoor PM levels of nearly 1000 μg/m 3 in Sri Lankan homes (Chartier et al., 2017) and peak CO ≥ 30 ppm in homes in Kenya (Ochieng et al., 2017) . Such concentrations are not unlike that used herein. Other studies report levels based on longer averaging periods. For example, the 48-h geometric mean fine PM and CO concentrations in kitchens of rural Kenya were~600 μg/m 3 and~5 ppm, respectively (Yip et al., 2017) ; whereas in Honduran homes using traditional stoves, indoor geometric means for fine PM (8-h) and CO (1-h) were~1000 μg/m 3 and 14.3 ppm, respectively (Clark et al., 2010) . Still lower median levels (~100 μg/m 3 ) were reported in Guatemalan homes using woodfueled chimney stoves (Weinstein et al., 2017) . Of concern, despite the lower PM concentrations in the latter study, examination of urinary biomarkers in exposed pregnant women revealed increases in metabolites of several VOC (e.g., benzene, acrylonitrile, and PAH) -with maximum 1-hydroxypyrene levels in exceedance of occupational limits set for coke-oven workers (Weinstein et al., 2017) . As expected, emissions generated herein by the advanced ND (Tier 2) and FD (Tier 3) stoves yielded substantially less CO and PM compared to emissions from a rudimentary 3-S fire (with FD < ND < 3-S). Reduced CO and PM output was clearly and inherently linked to increasing fuel combustion efficiency of CS. Moreover, the percent (%) OC content of particles emitted by the ND and FD stoves decreased by 2-and 3-fold, respectively, compared to the 3-S fire (Fig. 1C-F) .
Interestingly, however, the relative concentrations of emitted select VOCs (as detected by the TO-15 and T0-11A methods) did not follow this simple pattern. Even though total VOCs were lowest for the Tier 3 (FD) stove, the relative abundance of these chemicals in emissions from the Tier 2 (ND) stove were often greater than the 3-S fire (Tier 0) (Fig. 2) . Notably, we observed significant but comparable increases in lung gene expression for NQ01, CYP1a1, HO-1, and COX-2 in both the ND and 3-S fire groups. Together, these data suggest that the acute alterations in gene expression were associated with exposure to the relatively higher VOC and/or particle OC content of emissions generated by the ND stove and 3-S fire. HO-1 induction in murine macrophages has previously been shown to occur after exposure to extracts of VOCs/SVOCs derived from ambient aerosols. Reportedly, induction was related to electrophilic capacities of the vapor-phase toxicants (EigurenFernandez et al., 2010) . Moreover, upregulation of the enzyme COX-2 affects not only xenobiotic metabolism, but also can influence cell proliferation and apoptosis, in other words, pathways involved in cell turnover, tissue repair, and tumorigenesis (Moraes et al., 2017) . COX-2 upregulation may also modify immune and inflammatory responses in the lung, and has been linked to development of COPD (Shi et al., 2017) . Fig. 4 . Cytokine concentrations of (A) IL-1 β and (B) TNF α present in bronchoalveolar lavage fluid at 4 h PE. Data represent the mean ( ± SE) of n = 8 mice/ group. *Significantly different than the air control group (p < 0.05).
#
Significantly different than all other CS groups (p < 0.05). Environmental Research 161 (2018) 35-48 4.1. Three-stone fire
In terms of linking health benefits derived from advanced CS usage to increasing combustion efficiencies of the CS, we took a snap shot across a wide variety of general health and respiratory system parameters that are often altered acutely following exposure to air pollutants. Starting with the Tier 0 cooking system, mice exposed to the 3-S fire inhaled the highest concentrations of notably hazardous air toxicants (e.g., 1,3-butadiene, toluene, benzene, and acrolein) as well as the highest concentration of particles with the highest OC content. We have shown previously that on an equal-mass basis, diesel particles with higher OC content are characteristically more toxic (e.g., in terms of inducing epithelial injury and HO-1 expression) (Manzo et al., 2010) . Data also showed that mice exposed to the 3-S fire appeared to have the greatest number of particles present in their lung phagocytes. Furthermore, they showed a significant increase in alveolar macrophage IL-1 β release, and were the only group to develop transient pulmonary edema. Gene expression in lung tissue showed rapid and significant increases in antioxidant and stress-response genes, along with robust increases for genes related to xenobiotic metabolism (i.e., NQO1 and CYP1a1). By 24 h PE, inhaled particles had yet to be cleared from lung phagocytes of 3-S fire-exposed mice, and based on continued reduction of lung GSH content (~30%), some degree of oxidative stress was ongoing. Fig. 5 . Alterations in steady-state expression of eight genes related to lung inflammatory pathways (TNFα, MIP-2, IL-6), antioxidant status (GCLC, HO-1), or xenobiotic metabolism (COX-2, NQO1, CYP1A1) were evaluated in lung tissue homogenates at 0 h PE. Results are normalized to β-actin, and represent the mean ( ± SE) of n = 8 mice/group for the FD (light bars with horizontal hatching), ND (grey bars with hatching), and 3-S fire (solid black bars). *Significantly different than the air control group at the corresponding time PE (p < 0.05).
£ Significantly different than the FD stove group at the corresponding time PE (p < 0.05).
Significantly different than all other CS groups at the corresponding time PE (p < 0.05).
E.A. Gibbs-Flournoy et al. Environmental Research 161 (2018) 35-48 The CYP1A1 gene encodes for the Phase I metabolizing enzyme cytochrome P450 1A1, which is known to be involved in metabolic processing of PAHs (Sen et al., 2007) . As reported by Mutlu et al. (2016) , relative levels of PAHs (e.g., benzo-[a]pyrene) and oxy-PAHs (e.g., benzanthrone) in CS emissions were FD ≪ ND < 3-S fire. Notably, when lung microsomes are exposed to carcinogens such as nitro-or amino-benzanthrones, not only are NQO1 and Cyp1A1 enzymes induced, these enzymes then appear to activate benzanthrones into species that form additional DNA adducts (Stiborová et al., 2008) . In so doing, PAH-type carcinogens not only induce expression and activity of CYP1A1, but they also enhance their own genotoxic and carcinogenic potential.
Collectively, one interpretation of the above findings is that macrophage uptake of the large number of particles associated with inhaling emissions from a 3-S fire (or alternatively inhalation of particles with higher OC content), lead to upregulation and release of IL-1 β from lung phagocytes. IL-1 β is known to cause increased lung vascular permeability (Kolb et al., 2001) . Enhanced IL-1 β production has been documented in COPD. Further increases are common during COPD decompensation periods (Chung, 2001) . In turn, prolonged upregulation of IL-1 β may induce other acute pro-inflammatory mediators (i.e., TNFα, IL-6, chemokines) (Lappalainen et al., 2005) . However, the 3-S fire-exposed mice failed to show evidence of downstream pro-inflammatory cascades based on nominal change in lung TNFα, IL-6, or MIP-2 gene expression (0 h PE), unchanged TNFα levels in BALF (4 h PE), and lack of neutrophil influx (by 24 h PE). These findings could be related to their rather limited "two meal" emissions exposure. It may also be relevant that the 3-S fire-exposed mice inhaled the highest CO concentrations (≅ 60 ppm) and they were the only group to have detectable increases in blood carboxyhemoglobin. CO inhalation has been shown to selectively inhibit induction of key pro-inflammatory cytokines (e.g., TNF α ) (Otterbein et al., 2000) and to attenuate neutrophil sequestration within the pulmonary vasculature of LPS-treated mice (Wilson et al., 2010) . By inference, in the 3-S fire-exposed mice, inhalation of 60 ppm CO may have had anti-inflammatory effects that served to dampen downstream inflammatory cascades.
The lack of a strong inflammatory response despite continued lung oxidative stress is consistent with previous experimental studies examining the toxicity of hardwood smoke Barrett et al., 2006) . Competing effects are induced by the different chemicals and compounds present in solid-fuel smoke mixtures. On the one hand, continued inhalation of particles may perpetuate lung oxidative stress either directly (Bates et al., 2015) or via stimulating ROS production in lung macrophages (Eiguren-Fernandez et al., 2010) , epithelial cells (Hawley and Volckens, 2013) , or endothelial cells (Liu et al., 2005) . Meanwhile, continued exposure to high CO levels may suppress induction and/or release of key inflammatory mediators, thus blunting neutrophil influx and other classic indicators of lung inflammation. In so doing, repeated smoke exposure potentially results in silent, smoldering, yet persistent lung oxidative damage that over time culminates in development of COPD.
Natural-draft stove
For mice inhaling the ND stove emissions, data revealed several temporally related changes. At 0 h PE, mice showed somewhat reduced activity and lower tidal volumes (10%) compared to other stove-exposed mice. By 4 h PE, this group had significant increases in circulating WBCs, and this was the only group to show diminished uptake of fluorescent beads by lung macrophages -with reductions on par with that of the positive control (LPS-treated) mice. These results are consistent with that of Migliaccio et al. (2013) demonstrating that pulmonary phagocytes from wood smoke-exposed mice had a decreased ability to phagocytize and mount an effective defense against infection with S. pneumoniae. In contrast to the other exposure groups, lung GSH levels in mice exposed to ND stove emissions appeared to recover by 4 h PE. It may be relevant that at 0 h this group exhibited the greatest increase in GCLC, the initial rate-limiting enzyme for glutathione synthesis. These mice also showed the greatest increase in gene expression for NAD(P)H quinone dehydrogenase 1 (NQO1) (Fig. 5) . The NQO1 gene is readily-inducible, thus providing greater levels of the NQO1 enzyme which has potent anti-oxidant and cytoprotective activities. By promoting 2-electron reductions of chemical species derived from aromatic compounds like benzene (e.g., quinones) or toluene (e.g., nitroaromatics), NQO1 may reduce levels of redox cycling chemicals, limiting their ability to generate reactive oxygen intermediates, and prevent further depletion of intracellular thiol pools (Dinkova-Kostova and Talalay, 2010) . Possibly through these actions, mice in the ND group were able to maintain relatively normal lung GSH levels by 4-24 h PE. In murine disease models, NQO1 has been shown to play a protective role against development of emphysema (Potts- Kant et al., 2012) . Emphysema is a key pathologic feature of COPD. On the other hand, a report investigating PAH effects in a lung cancer cell line (A549 cells) demonstrated the NQO1 was not responsible for two-electron reduction of PAH-o-quinones, and did not offer protection against ROS formation from such compounds (Shultz et al., 2011) . Relatedly, overexpression of NQO1 in human lung cancer cells is associated with poorer prognosis (Cui et al., 2014) .
Forced-draft stove
Remarkably, mice exposed to the Tier 3, FD stove emissions did not show evidence of either acute lung injury or altered bead phagocytosis. Furthermore, this group failed to show induction of lung HO-1, NQO1 or CYP1a1 gene expression, consistent with their exposure to much lower VOC (and presumably SVOC and PAH) concentrations. Intriguingly, however, significantly fewer alveolar macrophages were recovered in BALF of the FD-exposed mice at 0 h PE, and there were corresponding decreases in NAG. Notably this was the only group to develop increased levels of TNF α in BALF. Macrophages are the major producers of TNF α and are also highly responsive to TNF α (Parameswaran and Patial, 2010) . One interpretation of our data is that phagocytosis of FD particles led to activation of macrophages, thus increasing surface adherence molecules such that they could not be recovered by gentle lung lavage. If this were the case, however, NAG levels should have been increased rather than decreased. Alternatively, because TNF α is a potent pro-apoptotic mediator, a more likely explanation is that phagocytosis of particles emitted by the FD stove resulted in acute upregulation of TNF α , thus eliciting apoptotic pathways in a subset of phagocytes, reducing the total number of alveolar macrophages in the lung at 4 h PE. Also at 4 h PE, mice in the FD stove group had somewhat lower numbers of circulating white blood cells (40% of air controls) and minor but statistically significant reductions in the hematocrit and % circulating lymphocytes. TNF α has also been shown to activate lung endothelial cells, up-regulating cell adhesion molecules on their surface (Kjaergaard et al., 2013) . This could explain the increased margination of red and white blood cells (especially lymphocytes) in the lung microcirculation following exposure to the FD stove emissions. Exposure to particulate air pollution has been negatively associated with similar changes in RBC indices (Seaton et al., 1999) .
Finally, data revealed that mice in the FD group were the only ones to have elevated γ-glutamyl transferase (GGT) activity in BALF. GGT is a cell membrane bound enzyme involved in extracellular glutamate transport to aid in synthesis of cellular glutathione. Increased GGT activity in BALF has been used as a marker of airway or alveolar cell injury related to oxidative stress. In concordance with this observation, lung GSH levels were significantly reduced (by 30-50% compared to air controls) from 0 h to 24 h PE, and moreover, they had coexisting increases in lung glutathione disulfide -indicative of more severe early and ongoing oxidative stress. In our previous study, we showed that particle extracts from FD stove emissions were the most mutagenic on an equal-mass basis (revertants/μg EOM) (Mutlu et al., 2016) . Together, these data suggest that despite reduction in overall particle mass released by the Tier 3 stove, FD-stove emitted particles are still inherently quite toxic. Whether this relates to the somewhat smaller particle size fraction detected, to related increases in number of particles and/or their increased surface area, or to yet to be measured differences in vapor phase components emitted by the FD stove (e.g., electrophilic capacity) is beyond the scope of the current report.
Innate immunity
The above findings are consistent with reports associating exposure to solid-fuel CS emissions with modulation of the innate immune system and increased susceptibility to infection (Lee, 2015) . Unlike most viral upper respiratory infections, bacteria tend to invade the lower respiratory tract (alveoli and lung parenchyma), thus alveolar macrophages play a central role in host defense against bacterial pathogens. Seemingly, owing to heightened macrophage apoptosis after exposure to FD stove emissions, significantly fewer lung phagocytes would be available to defend against bacterial invaders. PM exposure has also been shown to disrupt alveolar macrophage phagocytosis and intracellular killing (Lee, 2015) , not unlike effects observed herein after exposure to the ND stove emissions. Studies of CS-using Malawian adults likewise showed that higher particle loading of macrophages was associated with impaired phagocytosis of pneumococci and mycobacteria (Rylance et al., 2015) . Exposure may also disrupt lung barrier defenses and interfere with recruitment of neutrophils, effects similar to that observed in mice of the 3-S fire group. As the final effector cell involved in clearance of extracellular pathogens, inadequate neutrophil influx would significantly compromise host defense against infectious disease (Teng et al., 2017) . Relatedly, results of the RESPIRE clinical trial in Guatemala showed that although introduction of kitchen chimney stoves did not result in reduced cases of pneumonia, the intervention was associated with a significant reduction in cases of physician-diagnosed, severe (hypoxemic), RSV-negative, pneumonia (Smith et al., 2011) . This is important because severe RSV-negative cases are most likely of bacterial origin and have higher mortality. Encouragingly, exposure-response results from the RESPIRE trial predict that exposures below the intervention group mean would be associated with considerably lower risk for all acute lower respiratory infections as well as for severe pneumonia (Smith et al., 2011) .
Limitations
We acknowledge that the current study had a number of limitations. First, only short-term exposures were examined (simulating CS emissions related to preparation of two consecutive meals) and the primary emissions were further diluted (approximately 1:20). Secondly, the exposures did not include the smolder phase of the cooking cycle, which for all CS, often emits the greatest peak CO and PM concentrations. Thirdly, red oak represents one of the cleanest burning solid-fuels used in advanced CS. Fourthly, all exposures were performed in healthy adult, outbred, mice. Fifthly, mice were exposed to emissions from a carefully tended 3-S fire and from cookstoves operated as intended by manufacturers, but emissions measured under actual use conditions in the field are often worse than emissions measured under controlled conditions in the laboratory for both 3-S fires and select cookstoves (http://cleancookstoves.org/resources_files/stove-performanceinventory-pdf.pdf). Lastly, the end points assessed in this study were acquired within 24 h of the initial exposure and later changes may have been missed. Possibly for these reasons, the overall exposure biomarker changes and health impacts produced across most of the end points examined were only of mild-to-moderate severity. These observations are nevertheless in agreement with the majority of the findings related to hardwood, wood smoke exposures. Based on extensive literature for hardwood emissions, sub-chronic to chronic exposure intervals at relatively high concentrations are necessary to consistently find adverse toxicological outcomes Naeher et al., 2007; Hawley and Volckens, 2013) .
We further recognize that real-world household air pollution often includes unvented CS emissions that arise from all phases of the cooking cycle (i.e., start up, active heating, and smoldering), that emissions are often generated from poor quality solid-fuels, and that exposures entail repeated day-in, day-out cooking activities spanning years to decades. For these reasons, additional studies are in progress to further examine differential health impacts of inhalation exposure to emissions generated during high heat (active cooking or flaming conditions) vs. low heat (smoldering conditions), for emissions derived from alternative (non-red oak) biomass, and importantly, effects of repeated or subchronic exposure to solid-fuel emissions.
Moreover, because exposure to CS emissions increases the risk of developing pathological outcomes such as low birth weights and pulmonary infection in children, we are striving to expand our animal model approaches to include exposure during sensitive life stages (e.g., pregnancy and/or early life) and to incorporate co-morbidity factors (e.g., poor nutrition, infectious insults). By combining these approaches, we will be better able to assess and define health benefits likely to be attained for woman and children through broader usage of advanced solid-fuel "cleaner" cookstoves.
Conclusion
The present study was able to detect and characterize mild-tomoderate perturbations of several adverse respiratory health effects in mice after acute exposure to emissions from all three Tier 0, 2, and 3 cooking systems. We emphasize that exposure did not simply reveal identical outcomes with proportionately increasing effects as stove efficiency decreased (i.e., Tier 3 < Tier 2 ≪ Tier 0). Rather, data indicated that each CS system emitted a unique emission profile, which in turn appeared to produce unique acute health perturbations in healthy adult mice. The 3-S-fire-exposed mice were the only group to develop acute lung injury, possibly because they inhaled the highest concentrations of hazardous air toxicants (e.g., 1,3-butadiene, toluene, benzene, acrolein), the greatest number of particles, and particles with the highest % organic carbon. Diminished macrophage phagocytosis was observed only in the ND group. Lastly, although lung glutathione was significantly depleted across all CS groups; the FD group showed the most severe, ongoing oxidative stress. Hence, no Tier 0-3 CS was without some untoward effect.
Based on results of the current investigation and that of our recent report on the mutagenicity of emission factors from these same stoves (Mutlu et al., 2016) , as well as findings of several epidemiologic reports (Smith et al., 2011; Mortimer et al., 2017) -it is advisable that even with Tier 3 stoves, users should strive to burn the cleanest solid-fuels available and seek to incorporate adequate exterior ventilation of emissions. With these precautions, advanced solid-fuel CS usage may serve as a stepping stone to reduce household air pollution levels until greater access to Tier 4 stoves (i.e., liquid propane gas) or to electricity and electrical stoves are possible. This assumes that power plants will use low-sulfur coal and modern pollution control technologies (Cashman, 2016) . Clearly, there is a growing and concerted need to expand access to renewable and cleaner end user energy technologies for the nearly 40% of the world's population living in impoverished conditions necessitating use of rudimentary cooking and heating systems. chemistries), Elizabeth Boykin (lung cell differentials), Mary Daniels (phagocytosis assays), Michael Henderson (macrophage cytokine expression), Alan Tennant (microscopy assistance), Colette Miller (cytokine assay) and Erica Stewart (data processing). We also thank Charly King, Todd Krantz, Seth Ebersviller, Bill Preston, and Michael Hayes for their outstanding expertise in conducting the inhalation exposures, monitoring, and emissions characterization. Lastly, we express our thanks to Drs. David DeMarini, Ozge Kaplan and Robert Luebke for critical review of this manuscript.
